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Infrared study of adsorption of acetophenones on silica—alumina
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Abstract

Infrared spectra are reported of acetophenone and 4-methoxyacetophenone adsorbed on silica—alumina catalyst. The
dominant modes of adsorption involved ligation via carbonyl groups to Lewis acidic AI3* sites and H-bonding of surface
silanol groups to carbonyl groups or aromatic rings. Isotopic H /D exchange between SiOH groups and CD, groups or SIOD
and CH 5 occurred for acetophenone probably via an enolisation mechanism, although no enolic species could be detected.
There was also little evidence for condensation reactions. Band positions for adsorbed acetophenones compared with the
predictions of Hartree—Fock calculations suggested that acetophenone was not protonated, but 4-methoxyacetophenone was
protonated by Brensted acidic hydroxy groups for which —6.15 < Hy, < —4.81. © 1998 Elsevier Science B.V. All rights

reserved.
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1. Introduction

Infrared spectra of adsorbed ammonia[1] and
pyridine [2,3] have been widely used to detect
Lewis and Bregnsted acidic sites on silica—
auminas. The IR method distinguishes between
Lewis and Brgnsted acidic sites [4], and enables
surface concentrations of sites to be deduced
providing appropriate band extinction coeffi-
cients are known [2]. Correlations with catalytic
activities may then be achieved. For example,
intensities of an infrared band due to pyridinium
ions on a series of silica—aluminas with a range
of alumina contents were linearly related to the
catalytic activities of the silica—aluminas for
o-xylene isomerisation [3]. However, pyridine
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adsorption fails to distinguish sites of different
Bransted acidic strengths except in so far as
with pK§,,= 5.2 [5] it will only be protonated if
the formal acidity function [6] assessment of site
strength is Hy < ca 5.2.

One approach to characterising Bronsted sites
of differing acid strengths has been to record
electronic spectra (or simply observe colour
changes) of adsorbed bases that have been used
for the determination of acidity functions for
aqueous solutions of strong acids [6], and hence,
to infer estimated ranges of H, for specific
sites. The implied correlation between indicator
behaviour a the solid/gas interface and in
aqueous solution has been criticised [7]. Fur-
thermore, indicator colour changes may also be
caused by adsorption at sites not involved in
proton transfer equilibria [7—10]. A solution to
the latter problem would be to use IR spec-
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troscopy to unambiguously characterise modes
of adsorption of weak bases on oxidic surfaces.

Substituted acetophenones have been used as
indicators in concentrated agueous acids [11]
and with pKg,, values in the range —4.73 to
—7.94 are potentidly useful for identifying
Bransted acidic sites on silica—aluminas. Uman-
sky and Hall [10] concluded that —8.7 < H, <
— 3.3 for two silica—alumina catalysts, although
others have suggested much higher acidities
[12-14]. UV —visible spectra of adsorbed benza-
lacetophenone have shown the existence of both
protonated and neutral molecules [9,10], the for-
mer being dominant at low surface coverages
[10]. One conclusion was that benzal acetophe-
none was unsatisfactory as an indicator of
Bragnsted acid sites [9]. We now report infrared
spectra of acetophenone and 4-methoxyace-
tophenone on silica—alumina recorded in order
to test whether adsorption on Lewis and

Brensted acidic sites could be distinguished,
and hence, ranges of H, of Bregnsted acidic
sites determined. Benzal acetophenone was too
involatile to be adsorbed from the gas phase.

2. Experimental

Self-supported discs of silica—alumina (Al-
drich, grade 135; 13% aumina; pore volume
0.77 cm® g !, surface area 477 m?> g %)
mounted in an infrared cell were heated in an
air flow (100 cm® min~%, 1 h) followed by
vacuum (17 h) at 773, 373 or 473 K before
cooling to ambient temperature (ca. 295 K), and
exposure to adsorbate vapour which was pro-
gressively added in small aliquots. Spectra were
recorded at 4 cm~?! resolution with a Perkin-
Elmer 1720 FTIR spectrometer.
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Fig. 1. Spectra of (a) silica—alumina (773 K), (b)—(e) with increasing adsorption of acetophenone and (f) liquid acetophenone.
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3. Results
3.1. Adsorption of acetophenone

The spectrum of liquid acetophenone con-
tained maxima at 1685 (v(CO)), 1598, 1583,
1494, 1448 (aromatic ring vibrations), 1428
(8,(CH,)) and 1358 cm~* (§(CH,)). Compar-
ison with spectra for acetophenone adsorbed on
silica—alumina (773 K) showed that the biggest
band shifts were for the »(CO) vibration that
moved to 1635 cm~ ! with a weak shoulder at
ca. 1670 cm™ %, the 1358 cm~* band that moved
to 1364 cm™*, and the band at 1583 cm™* that
moved to 1574 cm~* (Fig. 1). These shifts are
consistent with ligation of acetophenone via the
carbonyl O-atom to Lewis acidic surface sites
[15]. The band at 1494 cm~* was vw for liquid
acetophenone (Fig. 1f), but was stronger relative
to other bands for acetophenone on silica—

aumina. The band was weak for acetophenone
involved in hydrogen bonding interactions with
silanol groups on silica but was much stronger,
as for silica—alumina, for acetophenone ligated
to Lewis acidic sites on titania. The present
band is therefore ascribed to acetophenone lig-
ated to Lewis acidic AI®" sites. Further evi-
dence for the perturbation of methyl groups in
ligated acetophenone was also shown by weak-
ening of a band at 3000 cm~! assigned to a
v(CH,) vibration [15]. The shoulder at 1670
cm~! became relatively stronger at higher sur-
face coverages and, in accordance with evi-
dence from the OH-stretching spectral region
may be ascribed to carbonyl groups involved in
hydrogen bonding interactions with surface hy-
droxy groups. Perturbed hydroxy groups gave a
broad band at 3400 cm~!. Adsorption was ac-
companied by the growth of a narrow band at
1324 cm~?! (Fig. 1), which was absent from
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Fig. 2. Spectra of (a) deuterated silica—alumina (473 K), (b)—(f) with increasing adsorption of acetophenone.
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spectra of liquid acetophenone. The initially
white disc turned yellow in the presence of
acetophenone.

Adsorption of acetophenone on silica—
alumina (373 K) gave similar bands to those in
Fig. 1. However, at low coverages, a maximum
at 1662 cm~* now dominated the »(CO) re-
gion, suggesting that hydrogen bonding to water
molecules at Lewis acidic sites or to surface
hydroxy groups was the main initiadl mode of
adsorption. At higher coverage, ligation oc-
curred and the band at 1662 cm™*, which ini-
tially had a weak shoulder at 1635 cm™?, be-
came a composite band envelope with the maxi-
mum tending towards 1635 cm™~* at high cover-
ages. The band at 1324 cm™! was present but
weak compared with the result for silica—
alumina (773 K). The disc turned pale yellow
during adsorption.

Acetone on oxide [16,17] or zeolite [18] sur-
faces can form enolate complexes[16,17], which

may condense with a further acetone molecule
to form mesityl oxide [16,18]. One test for
enolisation is that H/D isotopic exchange
should occur between CH,; groups and OD
groups on a deuterated oxide surface.

Repeated exposure of silica—alumina to deu-
terium oxide vapour at 473 K failed to com-
pletely exchange the hydroxy groups present
(Fig. 2a) showing that some groups were inac-
cessible to adsorbate molecules. A residual band
at 3745 cm~* due to silanol groups was accom-
panied by a weak band at 3382 cm~ 1. A similar
band to the latter at 3410 cm~* for rutile was
ascribed to bridging hydroxy groups [19] at
sub-surface lattice sites [20,21]. Subsequent ad-
sorption of acetophenone gave bands due to
vibrations of adsorbed molecules similar to those
for adsorption on the protiated surface including
a prominent band at 1324 cm~! (Fig. 2b—f).
Apparent fine structure at the »(CO) band max-
imum at high coverage was due to apodisation

1 1 1 T
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Fig. 3. Spectra of (a) dightly deuterated silica—alumina (773 K), (b)—(f) with increasing adsorption of acetophenone-methyl-d;.
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failure for a high-intensity band. Spectra in the
OD-stretching region showed that terminal SIOD
groups giving the sharp maximum at 2757 cm™*
were perturbed by deuterium bonding to car-
bonyl groups giving a broader maximum at
2553 cm™~ 1. The growth of a distinct maximum
at 2701 cm™* further suggested that OD groups
were also deuterium-bonded to aromatic ring
m-electrons in adsorbed molecules [22]. The
parallel growth of bands at 3400 and 3652 cm™*
due to hydroxy groups perturbed by hydrogen
bonding with carbonyl groups and aromatic nu-
clei occurred without loss of intensity of the
band at 3745 cm~! due to residual hydroxy
groups. This implies that hydroxy groups were
being generated by H/D exchange involving
OD and CH; groups. The proportion of ad-
sorbed acetophenone molecules that had under-
gone exchange must have been small because
no significant changes in the »(CH) or §(CH)

spectra could be detected, nor was there a de-
tectable band due to »(CD) vibrations. The only
hint of deuterium in adsorbed molecules was a
shoulder at 1337 cm™! (Fig. 2), absent for
acetophenone on an OH surface (Fig. 1), but
strong for acetophenone-methyl-d, on both OH
(Fig. 3) and OD (Fig. 4) surfaces.

3.2. Adsorption of acetophenone-methyl-d,

The H/D exchange result was confirmed by
adsorbing the CD,; compound onto protiated
slica—alumina that had been very dlightly
deuterated (Fig. 3). Spectra in the 1750-1300
cm~! region were similar to those for aceto-
phenone, except that bands due to 6(CH ;) vi-
brations were absent. The experiment was con-
tinued to high surface coverages when the sharp
band at 3745 cm~! had been largely replaced
by the bands at 3652 and 3400 cm™! due to
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Fig. 4. Spectra of (a) deuterated silica—alumina (473 K), (b)—(f) with increasing adsorption of acetophenone-methyl-d,.
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H-bonded OH groups. However, strong bands
due to similarly D-bonded OD groups aso grew
at 2701 and 2553 cm™ . The deuterium atoms
can only have come from the CD; in adsorbed
molecules, and therefore, this precludes the
dlight possibility that the results in Fig. 2 for an
experiment lasting over 24 h might have been
due to the ingress of atmospheric water vapour
to the infrared cell. The overall growth of inten-
sity of bands due to perturbed OH /OD groups
was dightly larger than expected compared with
the initial intensity of the band at 3745 cm™?,
suggesting that not only exchange but aso the
generation of further OD groups may have oc-
curred. Results for acetophenone-methyl-d; on
deuterated silica—alumina (473 K) supported this
conclusion. Some unexchanged accessible OH
groups remained and were perturbed by hydro-
gen bonding. However, the appearance of domi-
nant bands due to perturbed OD groups was

also accompanied by a slight apparent increase
in band intensity at 2757 cm~* (Fig. 4). This
was probably due to a change of slope of the
spectral baseline as adsorption took place, a-
though the fact remains that an increase in band
intensity at 2553 cm~! was accompanied by a
relatively smaller change at 2757 cm™ 2.

For acetophenone-methyl-d; on silica—
alumina (373 K), the »(CO) region was domi-
nated by the band at 1670 cm~* due to H-bonded
species with a comparatively weak shoulder at
ca. 1635 cm™! due to ligated species. The
OH /0D region gave poor spectra.

3.3. Adsorption of 4-methoxyacetophenone

Only low surface coverages could be studied
for this involatile solid. A »(CO) band at 1662
cm~ ! was accompanied by evidence for a weak
broad band a ca 3365 cm™!, these effects
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Fig. 5. Spectra of (a) silica—alumina (773 K), (b)—(e) with increasing adsorption of 4-methoxyacetophenone.
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being attributable to hydrogen bonding interac-
tions. However, with increasing time these bands
were weakened, the former being replaced by a
shoulder at ca. 1635 cm™?! due to ligated car-
bonyl groups (Fig. 5). Shifts of bands due to
other vibrations of adsorbed molecules appeared
to be much greater for 4-methoxyacetophenone
than for acetophenone. Bands for the solid at
1604, 1576, 1509, 1418 and 1359 cm~* were at
1603, 1575, 1514, 1420 and 1365 cm™* for the
4-OMe compound on silica, but were at 1586,
1554, 1516, 1431 and 1374 cm™?! for silica—
alumina. The magnitude of the shifts, particu-
larly for the bands at 1604 and 1576 cm™* due
to aromatic ring vibrations, were much greater
than those reported for acetophenone ligated to
meta cations in inorganic complexes [15].

A strong band at 1334 cm~! (Fig. 5) was
absent for solid 4-methoxyacetophenone or the
compound adsorbed on silica. Although the rel-
evant spectral region was noisy, there was also
evidence for a weak sharp band at 3605 cm™?.
The disc turned dark yellow as adsorption pro-
ceeded.

3.4. Adsorption of pyridine

Pyridine on silica—alumina (773 K) gave a
spectrum closely similar to that of Basila et al.
[2], except that the band at 1545 cm™! due to
protonated pyridine was weaker here compared
with the band at 1450 cm™! due to pyridine
ligated to Lewis acidic sites. Here, the Bransted
siteLewis site ratio [2] was ca 0.35:1. For
silica—alumina (373 K) the ratio became ca
2.1:1 because the presence of adsorbed water
enhanced the number of Bregnsted sites at the
expense of Lewis sites on the surface [2].

4. Discussion

The surface of silica—alumina contains Lewis
acidic sites of different strengths corresponding
to coordinatively unsaturated Al®* ionsin octa-
hedral and tetrahedral (two types) configura-

tions [23,24]. The ligation of the acetophenones
according to structure | failed to distinguish the
different sites.

(1) ( IT)

Parallel experiments involving acetone ad-
sorption on silica—alumina (773 K) at low cov-
erages aso only gave a single band at 1680
cm™! due to »(CO) for ligated species. The OH
spectral region gave no evidence for hydrogen
bonding, confirming that the strongest mode of
adsorption of the ketones involved ligation to
AlI®" sites. The »(CO) band positions for the
acetophenones in solution in CCl , are, in terms
of 4-substituent, 1684 (OMe) and 1692 cm™*
(H), the difference reflecting the electronic ef-
fect of the OMe substituent [25,26]. The band
positions were the same (1635 cm™?) for the
two ketones ligated to the silica—alumina sur-
face.

The absence of a v(CO) band due to free
carbonyl groups for the adsorbed OMe com-
pound shows that the molecule was not ad-
sorbed via ligation involving OMe groups with
the carbonyl groups remaining unperturbed.
However, ether [27] groups may ligate to Lewis
acidic surface sites. The spectra of adsorbed
4-methoxyacetophenone initially showed, unlike
the result for acetophenone, a dominant »(CO)
band due to hydrogen bonded species. Ligation
via the methoxy group but with simultaneous
hydrogen bonding of the carbonyl group with a
surface silanol group would account for this
result that is represented by I1.

Spectra in the OH/OD regions for aceto-
phenone resemble results for the adsorption of
substituted anisoles on silica at the solid /liquid
interface [22]. Here, hydrogen bonding involv-
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ing both aromatic 7-electrons and carbonyl
groups occurred the latter giving the bigger
A v(OH) spectroscopic shift. The strong growth
of a »(CO) band (Fig. 2) due to hydrogen
bonded species at high coverages, and the domi-
nance of the same »(CO) band for silica—
alumina (373 K) at low coverages show that
some molecules were adsorbed solely through
hydrogen bonding interactions involving surface
silanol groups and carbonyl groups asin Il1.

u’ Me

( III ) (1Iv) (v)

The relative intensities of the bands at 3400
and 3652 cm~* (Fig. 2) were of similar magni-
tude to the results for anisoles [22], suggesting,
in accordance with the previous conclusions,
that structure (IV) represents a competing, but
much weaker mode of adsorption than I1I. A
further possibility is that ligated acetophenone
adjacent to surface silanol groups could simulta-
neoudly interact with the latter via hydrogen
bonding in accordance with V. However, the
paralel growth of the bands at 3400 and 3652
cm~! suggest that IV rather than V was the
dominant species responsible for the latter band.

A mechanism involving enolisation, which
may be acid or base catalysed [28], would ac-
count for the results of the H/D exchange
experiments. Enolisation of acetone is base
catalysed on rutile [16] but acid catalysed in
H-ZSM-5 [18]. The spectroscopic recognition of
adsorbed enolate for acetone on rutile was not
achieved for acetophenone on silica—alumina,
showing that the enolate anion formed in a
base-catalysed mechanism [16] could, at most,
only have been a transitory intermediate on

silica—alumina. Evidence for protonated aceto-
phenone that would be formed in an acid-cata-
lysed mechanism was equivocal, athough this
mechanism may be deemed more likely on sil-
ica—alumina.

Condensation reactions of acetone to mesityl
oxide have been shown to follow both base
catalysed enolisation over rutile [16] and acid
catalysed enolisation over H-ZSM-5 [18]. In
accordance with a similar unpublished result for
4-methylacetophenone on the present silica—
alumina, the spectrum in Fig. 5e was recorded
after 16 h contact between oxide and adsorbate
and showed a time-dependent effect involving
the remova of hydrogen bonded adsorbate and
the growth of a »(CO) band due to ligated
adsorbate. However, the condensation reaction,
which would give dypnone Ph(Me)C=CHCOPh
from acetophenone, leads to water, which should
appear in tact or as OH groups on the oxide
surface. Slight growth of the band at 3745 cm™*
occurred (Fig. 5i and 6e), but must have arisen
because of the partiad loss of SSOH—O=C
interactions. Some evidence for new hydroxy
groups derived from water (or D,0) came from
the spectra in Figs. 2—4, although the dominant
effects in the OH /OD spectral region involved
the formation of hydrogen bonded complexes
and H/D exchange reactions. Condensation re-
actions only occurred to a minor extent on
silica—alumina at 295 K.

Ab initio Hartree—Fock calculations at the
SCF level (3-21 G basis set) have been carried
out for acetophenone and for acetophenone pro-
tonated on the carbonyl O-atom. After appropri-
ate scaling, the two highest frequency aromatic
ring vibrations were predicted to be at
1606,/1584 cm~* for PhnCOMe and 1587 /1559
cm~! for PhCOHMe™. For acetophenone and
4-methoxyacetophenone on silica the bands were
at 1601 /1584 and 1603 /1578 cm~* showing a
closeness of band positions for the two com-
pounds, neither of which were protonated. The
dominant bands for acetophenone on silica—
alumina were at 1598 /1574 cm™! again, sug-
gesting that protonation had not occurred. In
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contrast, for 4-methoxyacetophenone on silica—
alumina bands at 1586,/1554 cm~* exhibited
significant shifts possibly as a result of protona-
tion. Comparison of other bands in the spectra
with the predictions concurred with this conclu-
sion.

Benzalacetophenone (pKg,= —5.60) was
adsorbed in the protonated form on silica—
auminas at low coverages, but in the neutral
form at higher coverages [9,10]. The present
results show that the latter must have involved
ligation to Lewis acidic AlI®** sites and hydro-
gen bonding with surface silanol groups. Ace-
tophenone is a weaker base with pK§,,= —6.15
[11], and is therefore less likely to be protonated
unless H, for acidic hydroxy groups is ap-
proaching this value. No evidence for protona
tion appeared in the IR spectra, athough the
bands could have been obscured by more in-
tense maxima due to neutral species. There was
some evidence of protonation from the spectro-
scopic shifts for the 4-MeO compound for which
pKg,= —4.81 [11]. That the stronger base is
the most likely to be protonated is logical.
However, unfortunately, an alternative explana-
tion of the band shifts would be that the electron
donating property of the methoxy group [29]
favours enhanced quinonoid character [26] of
the molecule ligated to Lewis acidic sites. This
would cause a red shift in the electronic spec-
trum, and may confuse the use of this indicator
colourimetrically unless, as before [9,10], UV—
visible spectra are recorded in detail. Protonated
4-methoxyacetophenone would also have signif-
icant quinonoid character [11].

The ab initio calculations predict a band at
1317 cm™~?! due to the »(CO) vibration of proto-
nated acetophenone. Spectra of acetophenone
on silica—alumina showed a band at 1324 cm™?,
which was not present for the compound ad-
sorbed on silica. However, if this band was due
to protonated acetophenone, then the band at
1324 cm~* should have been absent for aceto-
phenone on a deuterated surface. This was not
the case (Fig. 2), athough the obvious implica-
tion that protonation had not therefore occurred

was impaired by the generation of surface hy-
droxy groups via the exchange reaction between
OD groups and CH; groups. The adsorption of
acetophenone-methyl-d, on a deuterated surface
(Fig. 4) did not help because the spectrum of
the neutral adsorbate contained two bands at
1310-1320 cm™*, which would be shifted up-
wards on ligation of acetophenone to Lewis
acidic sites [15]. On balance, therefore, the ab
initio calculations combined with the infrared
results suggest that acetophenone was not proto-
nated on silica—alumina.

The colour changes for the present samples
were to dark yellow for the OMe compound and
to pale yellow for acetophenone. Umansky et al.
[30] deduced for two silica—aluminas that the
strongest acid sites had H, values of —5.6 and
—5.8. These values are consistent with the ob-
served protonation of benzalacetophenone
[9,10]. The pK},, value of acetophenone
(—6.15) istherefore close to the H,, values, and
the colour change for the indicator could indi-
cate that protonation had occurred, athough
there was no infrared evidence for protonation
with the possible exception of the band at 1324
cn~ ! For the strong base 4-methoxyace-
tophenone (—4.81), the infrared evidence was
more substantial, and protonation probably took
place.

The apparent absence of protonation for
acetophenone is consistent with results for the
adsorption of acetone on zeolites [31-35]. Ace-
tone is a stronger base than acetophenone and
zeolites are, in general, more Bransted-acidic
than silica—aluminas. However, both infrared
[31-33] and NMR data [34,35] suggest that
hydroxy groups, including those which are
Bronsted acidic, in zeolites predominantly form
neutral hydrogen-bonded complexes with ad-
sorbed acetone molecules. The present lack of
evidence for protonation of acetophenone con-
tributes to inconsistent conclusions drawn from
infrared and NMR data on the one hand [31-35],
and UV-visible spectroscopy on the other
[10,12-14]. Values of H, < —11 deduced for
silica—aluminas using nitroaromatic indicators
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[12-14] are at fault because indicator colour
changes must have occurred for reasons other
than protonation [7,10]. The evidence from
which it was deduced that —8.7 < H, < — 3 for
two silica—aluminas [10] is also suspect because
of the choice of indicators for H, assessment.
The use of benzalacetophenone has been criti-
cised [9] because, as may be occurring here for
4-methoxyacetophenone, shifts in electronic
spectra giving rise to colour may result from the
electronic effects of indicator ligation to Lewis
acidic sites. Both Ph,COH (pKj,= —3.3) and
2,4,6-trimethylbenzyl alcohol (pKg,= —8.7)
are J, (or Hy) indicators [36]. Their different
behaviour from Hammett bases in solution re-
sults from differences in solvation, and hence
activity coefficient behaviour. Tranglation of
data for J, indicatorsinto H, values relating to
behaviour at the solid—gas interface must be
questionable. Furthermore, the carbonium ions
resulting from indicator ionisation may not nec-
essarily be formed via a mechanism involving
protonation and loss of water [36], but could
aso be generated via the adsorption of the
indicators on Lewis acidic sites [8]. Thus, for
example, the adsorption of Ph,COH on anatase
to give Ph,C* ions [37] must involve Lewis
acidic sites[8], as anatase is not Brensted acidic.

5. Conclusion

It appears that the use of visible indicators to
establish H, acidity values at the solid/gas
interface is open to question unless it can be
unambiguously proved that indicator protona-
tion is the sole cause of spectroscopic change.
Irreversible surface reactions or adsorption be-
haviour at sites other than Brensted acidic hy-
droxy groups may lead to spectroscopic changes
that are wrongly interpreted. Infrared spec-
troscopy provides a better opportunity, as with
pyridine adsorption [4], to test the existence of
protonation, although van Santen and Kramer
[31] pointed out that erroneous interpretations of
spectra of acetone, methanol and water on zeo-

lites have been published. Limitations of the H,
scale applied to solid surfaces have been ex-
pressed and the use of *C NMR spectroscopy
propounded as a good method for acidity deter-
mination [38,39].
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